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Exploring pH Dependent Landscape Shifts of Proteins
Canan Atilgan, Ayse Ozlem Aykut, Sunita Negi, Ali Rana Atilgan.
Sabanci University, Istanbul, Turkey.
Molecular dynamics(MD) simulations of proteins at physiological versus lower
pH lead to separate stable conformations that do not interconvert. Although
modulating pH requires adjusting the ionization states of many residues, we
find this effect is achievable by introducing external force on a single one[1].
This finding has far reaching implications for controlling protein conforma-
tional dynamics.
We thus perform all-atom MD simulations of 200ns under a series of pH and
ionic strength conditions to determine the conformational distributions of cal-
modulin and ferric-binding protein. For example, in accord with FRET exper-
iments, in calmodulin we find that pH of 5.0 encourages a more compact
conformation where the two lobes directly interact, while at 7.4 the lobes are
distal, communicating through the linker region[3]. Time scale of the confor-
mational change between the two states is measured on milliseconds[3], way
beyond what is observable through MD.
At a coarse-grained level where each residue is treated as a single node, we scan
the protein to determine forces that may be inserted on specific residues to cause
the observed conformational change. This method, which operates in the linear
response regime, points to a single charged residue with upshifted pKa in both
proteins[1,4], although the latter information is not encoded in the model.
We implement these findings into steered-MD, where the determined external
force acts on the resolved residue, and the protein readily lends itself to the
more compact form. Thus, the coarse-grained approach is not only an efficient
method determining the main residue whose interactions lead to conforma-
tional arrest, but also suggests alternative scenarios to overcome factors hinder-
ing barrier crossing.
[1] Atilgan et al. J Chem Phys, in press (2011).
[2] Atilgan et al. Ann Rev Biophys, to appear (2012).
[3] Slaughter et al. Biochemistry (2005).
[4] Atilgan et al. PLoS Comput Biol (2009).
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Transition Pathways of Proteins Explored by Combining Molecular
Dynamics Simulations and Monte Carlo Sampling of Collective Modes
Mert Gur1, Jeffry Madura2, Ivet Bahar1.
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and Biochemistry, Duquesne University, Pittsburgh, PA, USA.
The conformational transition of proteins is explored using a molecular dynam-
ics (MD) simulation protocol which is guided by the normal modes derived
from coarse-grained anisotropic network model (ANM). The methodology ap-
plies to the cases where the passage from one substate to another (e.g., the open
and closed forms of an enzyme, or outward-facing and inward-facing states of
a transporter) within a global energy minimum (native state) involves relatively
low energy barriers, based on the assumption that low energy barriers may be
surmounted/overlooked by adopting a coarse-grained description of the struc-
ture and energetics, which smoothes out the energy landscape. The basic
approach is to deform the structure along ANM modes, similar to the adaptive
ANM (aANM) procedure adopted in our previous work,(Yang et al., 2009) but
with the major improvement that the intermediate structures are selected from
the complete pool of all accessible ANMmodes of motion using aMonte Carlo/
Metrolopis algorithm. Application to two proteins with different functional
mechanisms, Escherichia coli adenylate kinase (AK) and dopamine trans-
porter, shows that the transition between the two alternative forms does not
necessarily obey the same pathway(s). For example, in the case of AK, the
open-to-closed (O->C) and closed-to-open (C->O) transitions of AK proceed
via distinct intermediate conformers: the ATP-binding (LID) domain closing
(opening) takes place faster than the nucleotide monophosphate-binding
(NMP) domain closing (opening) in the O->C (C->O) transition.
Yang, Z., Majek, P., and Bahar, I. (2009). Allosteric transitions of supramolec-
ular systems explored by network models: application to chaperonin GroEL.
PLoS Comput. Biol. 5, e1000360.
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A Phylogenetic Analysis of Normal Modes Evolution in Enzymes and its
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Jason Lai1, Jing Jin2, Jan Kubelka3, David Liberles1.
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Enzyme function and catalysis is often dictated by the vibrational dynamics and
flexibility of the protein. Since the catalytic functions of enzymes are necessaryin nearly all biochemical pathways essential for life, evolutionary conservation
of the dynamics that aid enzymatic function is an expected outcome. In this
study, a novel phylogenetic approach is implemented to explore the relationship
between enzyme dynamics and function as it relates to evolutionary history. Pro-
tein dynamics and flexibility are described by normal mode analysis based on
a simplified harmonic potential force field applied to the Ca backbone while en-
zymatic function is described by the Enzyme Commission (EC) numbers in the
ENZYME database. Analyzing the comparative normal mode analysis of a cat-
alytic domain family with respects to its phylogenetic tree revealed a negative
correlation in dynamic conservation as evolutionary distance increases, which
has not been accounted for in prior studies. By correcting the overlap scores of
the normal modes for the natural negative relationship, a new score dependent
on evolution can be obtained. This novel approach exhibited potential for pre-
dicting functional divergence in a protein family’s phylogeny and adds a new
layer of insight in regards to the role of protein dynamics in enzyme evolution.
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Linkage Between Dynamics and Assembly of Ribosomal Proteins
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Assembly of the ribosome from its protein and RNA constituents has been stud-
ied extensively over the past 50 years, and experimental evidence suggests that
prokaryotic ribosomal proteins undergo conformational changes during assem-
bly. However, to date, no studies have attempted to elucidate these conforma-
tional changes. The present work utilizes computational methods to analyze
protein dynamics and to investigate the linkage between dynamics and binding
of these proteins played during the assembly of the ribosome.We studied the dy-
namics of three primary proteins from E. coli and T. thermophilus 30S subunits
(S15, S17, and S20) with atomic molecular dynamic simulations, followed by
a study of all r-proteins using elastic network models. We find that r-proteins
contain a higher than average percentage of positive residues (Lys þ Arg is
18.7% for E. coli and 21.2% for T. thermophilus). Also, positive residues consti-
tute a large proportion of RNA contacting residues (39% for E. coli and 46% for
T. thermophilus). This indicates the importance of charge-charge interactions in
the assembly of the ribosome. Molecular Dynamics simulations show that
solvent-exposed proteins (S15 and S17) tend to adopt more stable solution con-
formations than an RNA-embedded protein (S20). We also find protein residues
that contact the 16S rRNA are generally more mobile in comparison with the
other residues. This is because there is a larger proportion of contacting residues
located in flexible loop regions. Using elastic network models, which are com-
putationally more efficient, we show that this trend holds for most of the 30S
r-proteins.
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Coarse-Grained Simulations on Multimeric Assembly of Ligand-Binding
Domains in Nuclear Receptors
Sichun Yang.
Case Western Reserve University, Cleveland, OH, USA.
We present a coarse-grained model to simulate the assembled conformational
shapes of ligand-binding domains (LBDs) in several nuclear receptors. This
Coarse-Grained model for protein Assembly (or CGA) includes intra- and
inter-domain interactions. In the CGA model, each domain is modeled after its
known structure, while for inter-domain interactions, physical and statistical po-
tentials are optimized andbalanced in order to achieve realistic pair-wise distance
distributions between residues on domain surfaces that interact. Themodel is first
parameterized and validated for three distinct LBD systems with low sequence
identity, and thenapplied to the twomembers of thenuclear receptor superfamily:
retinoidX receptor (RXR) and estrogen receptor (ER).With the help of enhanced
sampling strategies, a total of 1000-nsec CGA simulations are obtained for each
in order to navigate the physically-accessible configurational space. Finally,
a two-step clustering analysis is performed to determine the set of available
assembled conformations. The development and application to investigating
RXR and ER assemblies using CGA simulations allow us to explore their
protein-protein assembly landscape linking to their critical cellular functions.
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Using Delaunay Tessellation of Proteins to Improve Current ENM
Alberto Perez1, Justin MacCallum1, Michelle Hummel2,
Evangelos Coutsias2, Ken A. Dill1.
1Stony Brook University, Stony Brook, NY, USA, 2University of
New Mexico, Albuquerque, NM, USA.
Elastic Network Models (ENM) have long been used as a fast method to extract
information about protein dynamics and flexibility. Given the simplicity of
ENMs_they are based only on the network of interactions described by the
Tuesday, February 28, 2012 451aC-alpha atoms_it is quite remarkable that they correlate so well with data from
molecular dynamics simulations and experiment. There are, however, some
limitations that can be improved: dependency of force constants, cutoffs, and
problems in loop representation. Recent efforts have explored methods of im-
proving the force constants in order to get a better representation of flexibility.
Our method is based on deriving networks based on a Delauney tessellation of
the protein space in order to represent protein flexibility. This method com-
pletely eliminates the need for arbitrary cutoff distances and gives a rational in-
terpretation of forces to apply to the model. At the same time it maintains the
small computational expense that characterizes these methods and has made
them popular.
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Intrinsic Dynamics of the Regulatory Light Chain: Implications on Muscle
Contraction
Arianna Fornili, Mark Pfuhl, Franca Fraternali.
King’s College, London, United Kingdom.
The regulatory light chain (RLC) is part of the regulatory domain of myosin II,
the most important contractile protein of the muscle. RLC resides in the neck
region of myosin, which connects the coiled coil tail with the two globular
heads. This region is essential in defining the mechanical properties of myosin.
Indeed, it is part of the so-called lever arm, whose motion is the result of the
propagation and amplification of conformational changes taking place in the
motor domain during the contractile cycle.
Like other sarcomere components, RLC is implicated in the pathogenesis of the
hypertrophic cardiomyopathy (HCM). Even if the mechanism of the disease
pathogenesis is still unclear, particularly important is the effect of some muta-
tions on RLC phosphorylation levels. The recent discovery of a cardiac-specific
association of RLC with the Myosin Binding Protein C (MyBP-C) [1] further
enforces the link between RLC and HCM.
Recent studies suggest a possible role of RLC phosphorylation in regulating the
stiffness of the myosin lever arm and the propagation of forces through the my-
osin heavy chain [2]. We performed a preliminary study of the conformational
variability of RLC in the regulatory domain by generating a simulated ensem-
ble of structures. Essential Dynamics and Information Theory analyses based
on a Structural Alphabet [3] were used to describe the collective motions of
RLC and their coupling with the myosin heavy chain. The observed conforma-
tional changes were also compared with an ensemble of RLC experimental
structures.
[1] J. Ratti, E. Rostkova, M. Gautel, M. Pfuhl (2011) J.Biol.Chem. 286, 12650-
12658.
[2] J.H. Brown, V.S.S. Kumar, E. O’Neall-Hennessey, L. Reshetnikova, H.
Robinson, M. Nguyen-McCarty, A.G. Szent-Gyo¨rgyi, C. Cohen (2011) Proc.
Natl. Ac. Sci. USA. 108, 114-119.
[3] A. Pandini, A. Fornili, J. Kleinjung (2010) BMC Bioinformatics 11, 97.
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The Structural Basis of Higher Activity of Truncated Cyclin E1-CDK2
Complexes in Tumor Cells
Soumya L. Rath, Sanjib Senapati.
Indian Institute of Technology, Chennai, India.
Hyperactivation of the enzyme, Cyclin Dependent Kinase Type II (CDK2) on
binding with low molecular weight isoforms of its activator protein, Cyclin E
has been reported in vivo. Such isoforms of Cyclin E are primarily detected in
the nucleus of cancer cells. Here, we study the conformational variations of
CDK2 complexed with various isoforms of Cyclin E, via Molecular Dynamics
simulations. Results show significant energetic and structural changes in vari-
ous key regions of the complexes including the substrate binding pocket of
CDK2-Cyclin interface, Our results correlate very well with the data from ex-
periments. The study could help designing specific inhibitors to target abnormal
kinases.
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Sarath C. Dantu, Maarten G. Wolf, Gerrit Groenhof.
Max Planck Institute for Biophyiscal Chemistry, Gottingen, Germany.
Triosephosphate Isomerase (TIM) is a glycolytic enzyme catalyzing the inter-
conversion of Dihydroxyacetone phosphate (DHAP) to Glyceraldehyde-3-
phosphate (GAP). TIM is a non-allosteric dimeric enzyme with three distinct
loops (loop-6, 7 & loop-8) enveloping the active site. Loop-6 acts as a lid on
the active site and residues from loop-7 and loop-8 stabilize the substrate in
the active site. Depending on the orientation of loop-6 and loop-7, TIM can
be classified into various conformational states. These different conformationsof TIM suggest that for each task i.e. substrate binding, catalysis and product
release, the protein adopts to a specific conformation suited for that particular
task. Various NMR, X-ray and MM experiments have studied the conforma-
tional flexibility of loop-6 in presence or absence of natural substrates, various
inhibitors and have suggested that the conformational exchange rate of loop-6
is similar to the catalytic rate of the enzyme (104/s). These studies have pro-
vided glimpses of individual events of what essentially is a dynamic process.
We study the sequence of events from the binding of the ligand to the release of
the product by molecular dynamics simulations. Our simulations revealed that
loop-6 opens and closes in both apo and holo enzymes at microsecond time
scale and also that N-termini (168P-169V-170W) and C-termini (176K-
177V-178A) hinges of the loop-6 move independently which was also reported
by Berlow et.al [Biochemistry 46 2007 6001]. Loop-7 on the other hand sam-
ples the closed state only when the active site is occupied by the ligand or an
inhibitor. It was also observed that the conformational preference of loop-6
and loop-7 is independent of the conformation of the other.
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How does Water Boost the Protein Dynamics?
Liang Hong, Jeremy C. Smith.
Oak Ridge National Lab, Oak Ridge, TN, USA.
Protein dynamics is crucial for its function and folding, and depends on various
external parameters, among which, hydration is of particular importance.
Enzymes lose their bio-activity when they are dry and the so-called dynamical
transition, manifesting as an anharmonic onset in the mean squared atomic dis-
placement around 180 ~ 230 K, occurs in proteins only when certain hydration
level is achieved. Despite decades of study, the microscopic mechanism for
how water boosts the protein dynamics and function is still lacking.
By combining the neutron scattering and molecular dynamics simulation, the
present work decomposes the internal motions of lysozyme on the ps to ns
time scales into three components: localized diffusion, methyl group rotation
and random jumps. In terms of the energy landscape, the first component is
ascribed to be intra-well motion, while the other two correspond to transitions
among wells, i.e., barrier-crossing events. The analysis reveals that the major
change of protein dynamics on these time scales induced by hydration
arises mainly from the intra-well motion ‘‘localized diffusion’’, manifesting
as increase of the diffusion size, via broadening the well. This result is contra-
dictory to the traditional expectation that the hydration-boosted protein internal
motions are barrier-crossing events through lowering the transition barriers,
and will make a great impact on the future study of protein dynamics and
function.
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Joshua Phillips, Ajay Gopinathan, Shawn Newsam, Michael E. Colvin.
University of California, Merced, Merced, CA, USA.
Recent studies have clearly demonstrated that proteins are best described in
terms of structural ensembles, expanding our perception of the structure-
function paradigm, one of the central tenets of molecular biology, beyond
the traditional description of the lone native structure. Intrinsically disordered
proteins (IDPs) push this emerging view to the extreme, begging the question of
how the free-energy landscape of these proteins differs from proteins that fold
to a native structure. In particular, the dimensionality of the motion exhibited
by folding proteins should slowly decrease as the protein folds to its native
structure, while dimensionality should stay relatively high for IDPs due to their
persistent flexibility. We have performed molecular dynamics (MD) simula-
tions of several natively folded and intrinsically disordered proteins in implicit
and explicit solvent using various forcefields favored for modeling the disor-
dered state. We then utilize dimensionality estimation techniques to analyze
the MD simulations in order to probe the differences between the conforma-
tional landscape of the IDPs and natively folded proteins.
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Molecular Dynamics Simulations of Conformational Change in EPAC
Thomas B. Woolf.
Johns Hopkins University, Baltimore, MD, USA.
Recent work from the Bos group has shown that the exchange protein activated
by cAMP (EPAC), binds a single cAMP to allosterically regulate an ionic lock
inducing a large conformational change and opening a binding site for the
GTPases Rap1 or Rap2. Their x-ray structures of EPAC consist of two large
regions with five domains. An ionic lock is defined by R886 and D883 of
CDC25-HD and E332, D307 and Q303 of the CNB. When this lock is released
the hinge region swings closer to the CNB domain creating a 45-Angstrom shift
in the structural region. Mutations in this ionic lock (R886A) in EPAC produce
